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This paper reports the photocapacitance (PHCAP) results of the deep levels associated 
closely with donor impurity atoms and arsenic vacancies in heavily Te-doped GaAs. The 
present PHCAP measurements detect two kinds of deep levels at 0.62-0.64 eV and 
0.83 eV above the valence band preferentially formed under low arsenic vapor pressure, and 
show that the level density decreases monotonically with increasing arsenic vapor 
pressure. By varying the wavelength of irradiation light, the neutral level position of 0.62- 
0.64 eV ionized level is determined to be 1.38 eV below the conduction band. From 
the spectroscopic observation, it is concluded that the 0.62-0.64 eV + E, level disappears in 
the absence of As vacancies and appears in the presence of the donor dopant Te. This 
level shows such a large value of Frank-Condon shift (&o) as 0.25 eV. 
I. INTRODUCTION 
Although much of the work has been carried out on 
deep levels associated with the donor-defect complex in 
GaAs crystals, the available data are not sufficient to war- 
rant any conclusion. Nishizawa’ investigated the optical, 
electrical, and crystallographic features of n-GaAs crystals 
prepared by annealing under controlled arsenic vapor pres- 
sure, and showed the reasons for the formation of stoichi- 
ometry-dependent defects consisting of the donor-defect 
complex from the results of lattice constant and specific 
gravity measurements.2 In 1977 he demonstrated for the 
first time3 the photocapacitance (PHCAP) spectrum of 
the so-called DX center with the nature of the persistent 
photoconductivity in LPE (liquid-phase epitaxy) grown 
AlGaAs. The defect structure consisting of the donor-ar- 
senic vacancies was also proposed. Later, Lang et aL4 stud- 
ied the thermal and optical properties of the DX center in 
AlGaAs by deep-level transient spectroscopy (DLTS) and 
transient analysis of the PHCAP response. From the spec- 
troscopic considerations, he suggested the atomic configu- 
ration of the DX center as a donor-gallium vacancy com- 
plex. Recently, Mizuta et al.’ applied the DLTS 
measurements under hydrostatic pressures to the DX cen- 
ter, and concluded that the substitutional donor changed 
its electronic state with a specific atomic arrangement. 
In heavily doped n-GaAs bulk crystals, Williams6 in- 
vestigated the so-called self-activated (SA) center mainly 
by the photoluminescence (PL) method, and reported a 
broad PL band of the SA center in the vicinity of 1.20 eV. 
The origin of the SA center was proposed as a donor- 
gallium vacancy complex from the annealing behavior and 
its association with the results on II-VI compound semi- 
conductors. 
In order to quantitatively evaluate the density of deep 
levels, Nishizawa7 applied the PHCAP method to the Au- 
diffused Si crystals using monochromatic light irradiation, 
and revealed the Au-donor 0.35 eV above the valence band 
and the acceptor level 0.54 eV below the conduction band. 
There is a large transition probability between two levels. 
In 1966 Williams’ applied the PHCAP method to the elec- 
trolyte-semiconductor contact and showed the existence of 
a midgap level in n-GaAs bulk crystals. However, the non- 
monochromatic light irradiation enabled only the determi- 
nation of the total amount of the level density and the 
activation energy. By the PHCAP method, a fine structure 
can be detected because of the optical excitation at very 
low temperatures. Quantitative evaluation of the level den- 
sity can be also achieved. 
This paper presents the results of quantitative mea- 
surements of the deep levels by the PHCAP method in 
heavily doped n-GaAs crystals annealed under various ar- 
senic vapor pressures. The present PHCAP measurements 
have revealed two kinds of the stoichiometry-dependent 
deep levels which are 0.62-0.64 and 0.83-0.87 eV above 
the valence band, and the arsenic vapor pressure depen- 
dence of these level densities is also clarified. In addition, 
the excitation PHCAP measurements have revealed the 
level position of the neutral state of the ionized deep levels. 
In view of the spectroscopic consideration and annealing 
behavior, the origin of these deep levels is discussed in this 
paper. 
II. EXPERIMENT 
A. Photocapacitance measurements 
In order to accurately determine the level densities and 
activation energies of deep levels, we applied the photoca- 
pacitance (PHCAP) method to heavily Te-doped GaAs 
crystals under a constant capacitance condition. As re- 
ported previously by Nishizawa,7 the PHCAP method 
shows some superior features to other thermal excitation 
methods because of its precise activation of deep levels by 
the monochromatic light irradiation. The method keeps 
the width of the depletion layer constant regardless of the 
change in ionized level density, thereby reducing the errors 
in calculation of the level density and activation energy. 
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When the ion density approaches asymptotically its 
saturating value by monochromatic light irradiation, the 
ion density is obtained from the change of bias voltage 
(A Vph) to keep the junction capacitance C constant: 
n-GaAs CRYSTAL 
DOPED WITH Te 
AN, W’q cqANt 
AVp~=2E=~, 
where AN, is the ion density of the deep level, W is the 
depletion layer thickness, E is the dielectric constant, and C 
is the preset junction capacitance to be kept constant dur- 
ing the PHCAP measurements. The above equation is 
valid on the assumption that the thermal emission and the 
capture rate are negligibly small at the measured temper- 
ature. 
In order to determine the accurate level density and 
activation energy, the fully neutralized deep levels should 
be ionized optically at each wavelength. To neutralize ev- 
ery deep level, refilling forward injection was carried out 
before each photo-excitation in the present PHCAP mea- 
surements. The ion density in the dark after forward injec- . . . 
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tlon is designated as Naark As shown in Fig. 1, near-con- 
stancy of Ndarli indicates that the almost fully neutralized 
deep levels might be photoexcited at each wavelength. To 
obtain the photoneutralized level density, the PHCAP 
measurements after 1.44-eV monochromatic light irradia- 
tidn were carried out with repetitive forward injection in 
the dark at each wavelength. In the present experimental 
conditions, the 1.44-eV monochromatic light irradiation 
induces the maximum ion density in Te-doped GaAs crys- 
tals. 
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Detailed descriptions about the PHCAP measure- 
ments are presented elsewhere.’ 
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Samples used were Te-doped GaAs crystals grown by 
the horizontal Bridgman (HB) method with the carrier 
concentration of 7.4X lOI cm - 3. Annealing was per- 
formed under various arsenic vapor pressures at 900 “C for 
67 h. As reported previously by Lagowski et al.,” shallow 
donors of over 3 X 10’7 cm - 3 annihilates the formation of 
the so-called EL2 level, and the photoquenching phenom- 
enon is not observed. From the present PHCAP investiga- 
tions, it is also shown that the GaAs crystals with the 
carrier concentration of 7.4X lOI cm - 3 exhibit no pho- 
toquenching phenomenon even after annealing under the 
excess arsenic vapor pressures ranging from 0.1 to 4800 
Torr. 
0, 5 
(b) PHOTON ENERGY (eV) 
FIG. 1. Asymptotic PHCAP spectrum of Te-doped GaAs (n = 714 
X IO” cm i ‘1 annealed under the arsenic vapor pressure of 1.8 Torr for 
67 h at 9OO’C. (a): measured using repetitive forward injection in the 
dark at each wavelength, (b): measured after the 1.44-eV monochromatic 
light irradiation without forward injection from the long wavelength. 
In order to freeze the defects in GaAs crystals, quartz 
ampoules were cooled rapidly by putting them into cold 
water. X-ray and etching observations reveal no slip lines 
in GaAs samples after rapid cooling. 
levels in the homogeneous region of the GaAs crystal in- 
troduced by annealing under excess arsenic vapor pres- 
sures. 
The surface imhomogeneous layer of about lOO+m 
thickness was removed. It was already reported’ that the 
Metal-semiconductor diodes were fabricated by form- 
ing AuGe/Au ohmic contacts on the back surface followed 
67-h annealing causes the density of the stoichiometry- by the evaporation of Al in an ultrahigh vacuum on the 
dependent defects to saturate in a quasi-equilibrium condi- surface. To prevent the recovery of defects” and the reac- 
tion. Therefore, the present PHCAP investigation has de- tion between metal and semiconductor, l2 the samples were 
termined the density of the stoichiometry-dependent deep mounted on the stems at ordinary temperatures. 
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111. RESULTS AND DISCUSSION 
Figure 1 shows the asymptotic PHCAP spectra of Te- 
doped GaAs (n = 7.4 x 1017 cm - 3, annealed under the 
arsenic vapor pressure of 1.8 Torr for 67 h at 900 “C. As 
reported previously, the applying arsenic vapor pressure of 
1.8 Torr is much lower than the optimum value (about 80 
Torr) at 900 “C: (a) shows the spectrum measured using 
repetitive forward injections in the dark at each wave- 
length, as previously reported by the authors;’ (b) shows 
the spectrum measured after the 1.44-eV monochromatic 
light irradiation without forward injection from the long 
wavelength in order to detect the photoinduced neutraliza- 
tion of ionized deep levels. The present PHCAP measure- 
ments were performed at 77 K in order to reduce the ef- 
fects of thermal ionization and deionization of deep levels. 
As shown in Fig. 1 (b);a drastic decrease in ion den- 
sity takes place at 0.62-0.64 and 0.83-0.87 eV, respec- 
tively. Under the present experimental conditions, the de- 
crease in ion density is attributable to the photoinduced 
neutralization of ionized deep levels. In the specific wave- 
length region of about 0.6-0.9 eV, there exist some other 
deep levels neutralized by the monochromatic light irradi- 
ation. But the present paper deals mainly with the deep 
levels detected commonly in the annealed samples. 
In order to determine the level densities as a function 
of arsenic vapor pressure, the PHCAP measurements after 
the monochromatic light irradiation were applied to the 
Te-doped GaAs crystals prepared by annealing under var- 
ious arsenic vapor pressures. Figure 2 shows the arsenic 
vapor pressure dependence of these level densities. In Fig. 
2, the vertical axis represents the neutralized ion density 
obtained by the decrease of AV+. As shown in Fig. 2, it is 
well interpreted that the ionized deep levels at 0.62-0.64 
and 0.83-0.87 eV above the valence band are introduced by 
preferential annealing under the lower arsenic vapor pres- 
sure. In the starting materials without annealing, the 
photoinduced neutralization could not be detected as 
shown in Fig. 3. However, vacuum annealing also causes 
the formation of these deep levels (Fig. 4), suggesting a 
close association of both 0.62-0.64 and 0.83-0.87 
eV -t EL, levels with the arsenic vacancies in GaAs crystals. 
In addition, other Te-doped GaAs crystals with lower car- 
rier concentrations ranging between 4~ 1016 and 
1.5 X 10” cm - ’ contain no such deep levels even after 
annealing under the arsenic vapor pressures of 0.1-4800 
Torr. From the experimental results mentioned above, it is 
concluded that the appearance of the 0.62-0.64 and 0.83- 
0.87 eV + E, levels depends largely on the presence of ar- 
senic vacancies and doped donor impurities. 
Next, in order to determine the precise level position of 
the neutral state of the 0.62-0.64 eV -t E, level, the exci- 
tation PHCAP measurements after the monochromatic 
light irradiation were carried out by varying the initial 
wavelength. Figure 5 shows the excitation PHCAP spec- 
trum of the 0.62-0.64 eV + E, level, which is preferentially 
detected when annealed under low arsenic vapor pressure. 
In Fig. 5, the vertical and the horizontal axes represent the 
neutralized ion density at 0.62-0.64 eV and the irradiating 
initial wavelength, respectively. Therefore, the excitation 
- 
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FIG. 2. Arsenic vapor pressure dependencies of the (a) 0.62-0.64 and 
(b) 0.83-0.87 eV + E, level densities, respectively. 
PHCAP measurements enable the direct determination of 
both the excitation photon energy necessary to emit elec- 
trons from neutral deep level to the conduction band and 
that from full band to the identical ionized deep level. 
Figure 5 shows that the photoinduced neutralization at 
0.62-0.64 eV can be detected immediately after the photo- 
excitation by the 1.38-eV monochromatic light irradiation. 
- 
IJ 
NO DEIONIZATION 
77K 
PHOTON ENERGY (eV) 
FIG. 3. Asymptotic PHCAP spectrum measured after the 1.44-eV 
monochromatic light irradiation. Sample: Te-doped GaAs (n = 7.4 
x 10” cm - “) before annealing. 
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FIG. 4. Asymptotic PHCAP spectrum measured after the 1.44-eV 
monochromatic light irradiation. Sample: Te-doped GaAs (n = 7.4 
X 1017 cm-‘) annealed in vacuum at 500°C for 50 h. 
From these results, it is shown that the neutral state of 
the O-62-0.64 eV + E, ionized level is located 1.38 eV be- 
low the conduction band. Simple configuration coordinate 
(CC) model leads to a large value of the Frank-Condon 
shift (&o = 0.25 eV>, which is twice as large as that of the 
so-called EL2 level in GaAs (0.12 eV).13 This results in 
that the 0.62-0.64 eV + E, ionized deep level is associated 
with the arsenic vacancies and the doped donor impurities, 
and the defect structure of this stoichiometry-dependent 
deep level is proposed to have an extremely distorted 
atomic configuration after ionization. There is an appre- 
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FIG. 5. Excitation PHCAP spectrum measured after various monochro- 
matic light irradiations by varying the wavelength. The vertical and the 
horizontal axes represent the neutralized ion density at 0.62-0.64 eV 
and the irradiating wavelength. Sample: Te-doped GaAs (n = 7.4 
x lOI7 cm - ‘) annealed under the arsenic vapor pressure of 1.8 Torr for 
67 h at 900 “C. 
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hension that these ionized levels might be caused by the 
unintentional contamination, especially by the introduc- 
tion of transition metals during long-time annealing at high 
temperatures. However, this is not the case as described 
below. 
The Cr acceptor level in GaAs crystal has been 
thought to be also around 0.64 eV above the valence band. 
Indeed, Stocker et aLI4 detected the Cr-doped deep-level 
photoluminescence (PL) band at about 0.83 eV in Cr- 
doped vapor-phase epitaxial (VPE) and liquid-phase epi- 
taxial (LPE) GaAs crystals. When the PL band is caused 
by the electron transition from the conduction band to the 
neutral Cr acceptor, the neutral Cr acceptor level is de- 
duced to be at 0.68 eV above the valence band. However, 
the 0.62-0.64 eV + E, level is quite different from the Cr- 
doped deep acceptor as follows. 
We detected the Cr acceptor level at 0.68 eV above the 
valence band in molecular layer epitaxial (MLE) GaAs:Si 
crystals when grown in the neighborhood of Cr-0 doped 
GaAs substrates. In the case of the Cr-doped acceptor 
level, dno was shown to be nearly zero from the excitation 
PHCAP results. On the contrary, the 0.62-0.64 eV + E, 
level exhibits a large dFc of 0.25 eV. This result would 
ensure the contamination-free deep level, in addition to the 
fact that a quartz liner tube was used in the electric furnace 
with N2 gas purge during annealing. 
In heavily doped GaAs crystals, the so-called self-ac- 
tivated (SA) center has been investigated mainly by the 
PL method.6 However, this is also different from the 0.62- 
0.64 eV -I- E, level. 
As reported previously by Williams,6 the SA center 
exhibits a characteristic PL band around 1.20-1.30 eV, and 
the excitation PL measurements determined the threshold 
photon energy to emit the SA luminescence at 1.42 eV. The 
simple configuration coordinate model determines the 
dFc to be 0.28 eV. Therefore, both the level position of 
neutral state and the threshold photon energy are different 
from those in the 0.62-0.64 eV + E” level. In addition, it is 
interpreted that the origin of the 0.62-0.64 eV + E, level is 
quite different from that of the so-called SA center as fol- 
lows. 
Pannish et a1.l5 reported the elimination of the SA 
luminescence in Te-doped GaAs crystals grown by liquid- 
phase epitaxy (LPE) using Ga solution and attributed it to 
the reduced generation of Ga vacancies. Tuck’s annealing 
experiments t6 under two different arsenic vapor pressures 
showed the enhancement of the SA luminescence when the 
Te-doped GaAs crystals were annealed under higher ar- 
senic vapor pressure. From this experimental result, he 
suggested the formation of Ga vacancies when annealed 
under the higher arsenic vapor pressure, resulting that the 
efficiency of the SA luminescence increased. From these 
experimental results of the LPE growth using Ga solution 
and the annealing under arsenic vapor pressure, it ha.s been 
concluded that the SA center is-related with the Ga va- 
cancy and the donor impurity Te in GaAs crystals. 
However, Nishizawa has shown the effects of the ar- 
senic vapor pressure on the stoichiometry control in LPE17 
and melt growth” of GaAs, which could not be deduced 
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from the conventional Gibbs’ phase rule. Therefore, the 
authors consider that the formation mechanisms of deep 
levels should take into account the deviation of the con- 
ventional Gibbs’ phase rule even in the Ga/GaAs system. 
On the contrary, the 0.62-0.64 eV + E, level was 
shown to be preferentially formed when annealed under 
lower arsenic vapor pressure. That is, the arsenic vapor 
pressure dependencies of the level density are opposite to 
those of the SA center. From the experimental results men- 
tioned above, the authors should conclude that some fea- 
tures of the 0.62-0.64 eV + E, level are similar to the SA 
center with respect to its origin of dopant Te impurity, 
optical excitation energy to ionize neutral level and the 
amount of dFc, but the origin of the 0.62-0.64 eV + Eu 
level is quite different from that of the SA center in view of 
its arsenic vapor pressure dependence of the level density. 
In conclusion, the PHCAP measurements under con- 
stant capacitance condition were applied to evaluate the 
stoichiometry-dependent deep levels in Te-doped GaAs 
(n = 7.4 X 1017 cme3> crystals prepared by annealing 
under various arsenic vapor pressures followed by rapid 
cooling. The PHCAP measurements after the monochro- 
matic light irradiation revealed the photoinduced neutral- 
ization at 0.62-0.64 eV and 0.83-0.87 eV above the valence 
band formed preferentially in heavily doped n-GaAs, and 
the level densities decreased monotonically with increasing 
arsenic vapor pressure. It has been shown that these deep 
levels could not be detected in starting material, but they 
could be introduced by annealing in a vacuum and under 
the lower arsenic vapor pressures. On the 0.62-0.64 
eV + E, ionized level, the excitation PHCAP measure- 
ments were carried out by varying the irradiating wave- 
length and determined the level position of the neutral 
state at 1.38 eV below the conduction band. From the 
simple CC model considerations, the dFc of the 0.62-0.64 
eV + ED ionized level was obtained to be 0.25 eV. In view 
of the spectroscopic considerations involving the origin of 
defects, it is concluded that the 0.62-0.64 eV + E, level, 
which is quite different from the so-called SA center, is 
associated closely with the arsenic vacancy and the dopant 
donor impurity Te atom. 
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